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LPSRUWDQFH IRU WKH IDXOW GLDJQRVLV DQG SURJQRVLV RI LQGXVWULDO EHOW GULYH V\VWHPV 7KLV SDSHU
SUHVHQWV D QRYHO PHWKRG EDVHG RQ DQ HOHFWURVWDWLF VHQVRU DUUD\ WR PHDVXUH WKH 2'6 RI D EHOW
PRYLQJERWKD[LDOO\DQGWUDQVYHUVHO\7KHHOHFWURVWDWLFVHQVRULQWHJUDWHVDFKDUJHDPSOLILHU WKDW





UHVXOWV VKRZ WKDW WKH YLEUDWLRQ IUHTXHQFLHV DQG WKHLU UHODWLYH PDJQLWXGHV REWDLQHG IURP ERWK
VHQVRUVDJUHHZHOOZLWKHDFKRWKHU([SHULPHQWVFRQGXFWHGRYHUDUDQJHRIEHOWD[LDOVSHHGVVKRZ
WKDWWKHEHOWYLEUDWHVDWIUHTXHQFLHVWKDWDUHZHOOVHSDUDWHGDQGLGHQWLILDEOHXVLQJDSHDNSLFNLQJ
PHWKRG 7KH PHDVXUHG 2'6V RI WKH ILUVW WKUHH YLEUDWLRQ PRGHV LOOXVWUDWH WKDW WKH YLEUDWLRQ
GLVSODFHPHQW LV ODUJHU LQ WKHPLGGOHRI WKHEHOW VSDQ WKDQDW ERWKHQGVDQG WKDW WKHSKDVH VKLIW
UHODWLYHWRWKHUHIHUHQFHVHQVRUDWHDFKPHDVXUHPHQWSRLQWLQFUHDVHVPRQRWRQLFDOO\DORQJWKHEHOW









DQG JHDUV EHFDXVH RI VLPSOH LQVWDOODWLRQ ORZ PDLQWHQDQFH PLVDOLJQPHQW WROHUDQFH DQG VKRFN
DEVRUSWLRQ+RZHYHUWKHD[LDOO\PRYLQJEHOWLVSURQHWRYLEUDWLRQVGXHWRWKHFRPSOLDQFHRIWKH




IDLOXUHV LW LV GHVLUDEOH WR PHDVXUH DQG FKDUDFWHUL]H WKH EHOW YLEUDWLRQ RQ DQ RQOLQH FRQWLQXRXV
EDVLV
$ SRZHUIXO WHFKQLTXH IRU YLEUDWLRQ FKDUDFWHUL]DWLRQ LV RSHUDWLQJ GHIOHFWLRQ VKDSH 2'6
DQDO\VLV$Q2'6UHSUHVHQWVWKHGHIOHFWLRQVKDSHDVWUXFWXUHH[KLELWVHLWKHUDWDPRPHQWLQWLPH





FRQVWUXFW DQ 2'6 WKH YLEUDWLRQV DW PXOWLSOH ORFDWLRQV RI WKH VWUXFWXUH DUH PHDVXUHG
VLPXOWDQHRXVO\7KHYLEUDWLRQPDJQLWXGHDQGSKDVHRIDOOSRLQWVGHILQHDQ2'6YHFWRUZKLFKFDQ
EH XVHG IRU VKDSH DQLPDWLRQ RI WKH VWUXFWXUH 2'6 DQDO\VLV RI D SRZHU WUDQVPLVVLRQ EHOW LV
SDUWLFXODUO\ XVHIXO LQ WKH VWXG\ RI LWV FRPSOH[ YLEUDWLRQ EHKDYLRUV 7KH NQRZOHGJH DERXW WKH
GHIOHFWLRQDORQJWKHOHQJWKRIWKHEHOWIDFLOLWDWHVWKHGHWHUPLQDWLRQRIYLEUDWLRQVSDWLDOGLVWULEXWLRQ
DQGWKHWURXEOHVKRRWLQJRIDEQRUPDOYLEUDWLRQVZLWKRXWDQ\PDFKLQHGRZQWLPH
,Q WKH ODVW IHZ GHFDGHV WKHUH KDV EHHQ FRQVLGHUDEOH UHVHDUFK RQ WKH YLEUDWLRQ RI SRZHU







SUREHV GHYHORSHG IRU WKH GHYLDWLRQ GHWHFWLRQ RI URWDWLQJ VKDIWV WR WKH PHDVXUHPHQW RI EHOW
YLEUDWLRQ&DWDODQRet al. >@ FDUULHGRXWYLEUDWLRQ DQDO\VLVRI DEHOW V\VWHPXVLQJD KLJKVSHHG
FDPHUDZKLFKUHFRUGHGWKHSRVLWLRQVRIPDUNHGSRLQWVRQWKHEHOW+RZHYHUWKHFRPSXWDWLRQDO








KRZHYHU VXFK LQVWUXPHQWV DUH SURKLELWLYHO\ H[SHQVLYH WR LPSOHPHQW LQ URXWLQH LQGXVWULDO
DSSOLFDWLRQVDQG WKHXVHRIGHOLFDWHRSWLFDOFRPSRQHQWV OLPLWV WKHLUDSSOLFDELOLW\ LQGXVW\KDUVK
DQGH[WUHPHHQYLURQPHQWV
,QSUHYLRXVVWXGLHV>@LWZDVIRXQGWKDWDGLHOHFWULFEHOWUXQQLQJRQHDUWKHGPHWDOUROOHUV
FDUULHV HOHFWURVWDWLF FKDUJH GXH WR FRQWDFW DQG IULFWLRQDO HOHFWULILFDWLRQ ,QIRUPDWLRQ DERXW WKH
PRWLRQ RI WKH EHOW FDQ EH GHULYHG XVLQJ HOHFWURVWDWLF VHQVRUV SODFHG DGMDFHQW WR WKH EHOW
6SHFLILFDOO\WKHWUDQVYHUVHYHORFLW\RIWKHEHOWFDQEHUHIOHFWHGE\WKHHOHFWURVWDWLFVLJQDOREWDLQHG





EHOW2'6 PHDVXUHPHQWXVLQJ DQ HOHFWURVWDWLF VHQVRU DUUD\ DORQJZLWKSUHOLPLQDU\ H[SHULPHQWDO
UHVXOWV ZDV ILUVW UHSRUWHG LQ  DW WKH ,((( ,QWHUQDWLRQDO ,QVWUXPHQWDWLRQ DQG 0HDVXUHPHQW
7HFKQRORJ\ &RQIHUHQFH >@ 7KLV SDSHU SUHVHQWV LQ GHWDLO WKH IXQGDPHQWDO SULQFLSOH ILQLWH
HOHPHQW PRGHOOLQJ SUDFWLFDO GHVLJQ LPSOHPHQWDWLRQ DQG H[SHULPHQWDO DVVHVVPHQW RI WKH




A. Charge-Mode Electrostatic Sensors 
7KH DPRXQW RI HOHFWURVWDWLF FKDUJH DFFXPXODWHG RQ WKH EHOW VXUIDFH GHSHQGV RQ D YDULHW\ RI
IDFWRUV LQFOXGLQJ UROOHU VSHHG EHOW PDWHULDO DPELHQW WHPSHUDWXUH DQG KXPLGLW\ )RU IL[HG
RSHUDWLQJDQGHQYLURQPHQWDOFRQGLWLRQV WKHGLVWULEXWLRQRIFKDUJHRQ WKHEHOWVXUIDFH LVPDLQO\
DIIHFWHGE\WKHVXUIDFHURXJKQHVV6LQFHWKHQRQXQLIRUPLW\RIVXUIDFHURXJKQHVVLVYHU\VPDOOLW
LVUHDVRQDEOHWRDVVXPHWKDWWKHFKDUJHLVHYHQO\GLVWULEXWHGRQWKHEHOWVXUIDFH$FFRUGLQJWRWKH
























UHVLVWDQFHDW WKH LQSXWRUE\ WKH OHDNDJHFXUUHQWRI WKH LQSXWVWDJHRI WKHRSHUDWLRQDO DPSOLILHU
6LQFH WKLV VWXG\ FRQFHUQV RQO\ WKH $& FRPSRQHQW RI WKH VHQVRU VLJQDO IRU EHOW YLEUDWLRQ
PHDVXUHPHQWDWLPHFRQVWDQWUHVLVWRURtLVSODFHGLQSDUDOOHOZLWKWKHUDQJHFDSDFLWRUDVVKRZQLQ
)LJ  7KH DFFXPXODWHG FKDUJH RQ WKH UDQJH FDSDFLWRU LV FRQVWDQWO\ GUDLQHG DQG WKH '&











ORQJWHUP DSSOLFDWLRQV >@ +RZHYHU WKH HOHFWURGH PXVW EH WDNHQ DZD\ RU LVRODWHG IURP WKH
HOHFWULFDO ILHOGDQGWKH LQGXFHGFKDUJHEHQXOOHGGXULQJUHVHWLQRUGHU WRGHILQH WKHFRUUHFW]HUR
SRLQWZKLFKFRPSOLFDWHVWKHGHVLJQRIWKHVHQVRUXQLW
)LJ  VKRZV WKH FKDUJHPRGH HOHFWURVWDWLF VHQVRU PDQXIDFWXUHG RQ D FRPSDFW WZROD\HU
SULQWHGFLUFXLWERDUG3&%7KHHOHFWURGHLVDORQJSDGZLWKDGLPHQVLRQRIPPhPPRQ
WKHERWWRPOD\HU7KHOHQJWKRIWKHHOHFWURGHLVLGHQWLFDOWRWKHZLGWKRIWKHEHOWWREHPHDVXUHG
ZKHUHDV LWV ZLGWK GHWHUPLQHV WKH VSDWLDO UHVROXWLRQ DORQJ WKH EHOW UXQQLQJ GLUHFWLRQ 7KH DUHD
DURXQG WKH HOHFWURGH LV ILOOHG ZLWK HDUWKHG FRSSHU WR VXSSUHVV H[WHUQDO HOHFWURPDJQHWLF
LQWHUIHUHQFH 2Q WKH WRS OD\HU LV WKH FKDUJH DPSOLILHU IROORZHG E\ DQ LQYHUWLQJ DPSOLILHU DQG D
6DOOH\.H\ ORZSDVV ILOWHU 7KH UDQJH FDSDFLWRU RI WKH FKDUJH DPSOLILHU LV D KLJKTXDOLW\
SRO\VW\UHQH ILOP FDSDFLWRU ZLWK YHU\ JRRG SHUIRUPDQFH LQ WHUPV RI GLHOHFWULF DEVRUSWLRQ ORQJ
WHUPVWDELOLW\ LQVXODWLRQUHVLVWDQFHetc6LQFH WKHYDOXHRI WKHUDQJHFDSDFLWRU LVQ)DQGWKH




WLPH FRQVWDQW UHVLVWRU LV  *ȍ ZKLFK PHDQV WKH ORZHVW YLEUDWLRQ IUHTXHQF\ LV ZHOO DERYH WKH
ORZHU IUHTXHQF\ OLPLW +]RI WKHKLJKSDVV ILOWHU ,QRUGHU WRJXDUDQWHH VORZGULIWRI WKH
FKDUJH PHDVXULQJ FLUFXLW DQ RSHUDWLRQDO DPSOLILHU 7\SH $' ZLWK YHU\ ORZ LQSXW ELDV









B. Vibration Measurement Through Charge Sensing 
,QRUGHUWRHVWDEOLVKDTXDQWLWDWLYHUHODWLRQVKLSEHWZHHQWKHVHQVRUUHVSRQVHDQGEHOWYLEUDWLRQ
NLQHPDWLFV ILQLWH HOHPHQW VLPXODWLRQV DUH SHUIRUPHG XVLQJ WKH FRPPHUFLDO VRIWZDUH SDFNDJH
&2062/0XOWLSK\VLFV,QYLHZRIWKHVXSHUSRVLWLRQSULQFLSOHRIWKHHOHFWULFILHOGDSRLQWFKDUJH
WKDW YLEUDWHV KDUPRQLFDOO\ LQ WKH QRUPDO GLUHFWLRQ RI WKH HOHFWURGH VXUIDFH LV FRQILJXUHG LQ WKH
PRGHOOLQJ)LJVKRZV WKH ILQLWHHOHPHQWPRGHO ILQHO\PHVKHGZLWK WHWUDKHGUDOHOHPHQWV7KH
HOHFWURGH LVPRGHOOHGDVD WKLQFRSSHUVWULSZLWK WKHVDPHGLPHQVLRQDV LWVSK\VLFDOUHDOL]DWLRQ







  VLQ z t B A ftS  
ZKHUH BUHSUHVHQWV WKH HTXLOLEULXP SRVLWLRQ AGHQRWHV WKH YLEUDWLRQ DPSOLWXGH DQG f LV WKH
YLEUDWLRQIUHTXHQF\6LQFHWKHFKDUJHDPSOLILHUUHVSRQGVWRWKHYDULDWLRQRILQGXFHGFKDUJHDWWKH
LQSXW WKH WRWDO LQGXFHG FKDUJH RQ WKH HOHFWURGH ZKLFK LV REWDLQHG E\ LQWHJUDWLQJ WKH VXUIDFH
FKDUJHGHQVLW\LVLQYHVWLJDWHGLQWKLVVWXG\XQGHUGLIIHUHQWYLEUDWLRQFRQGLWLRQV
)LJGHSLFWVWKHLQGXFHGFKDUJHIRUGLIIHUHQWHTXLOLEULXPSRVLWLRQVDQGYLEUDWLRQDPSOLWXGHV
IRU f  +]$V LOOXVWUDWHG WKH LQGXFHGFKDUJH IOXFWXDWHV DV WKHSRLQW FKDUJHDSSURDFKHVDQG
PRYHVDZD\IURPWKHHOHFWURGHUHFLSURFDOO\)RUDIL[HGHTXLOLEULXPSRVLWLRQDODUJHUYLEUDWLRQ
DPSOLWXGH OHDGV WR VWURQJHU YDULDWLRQ RI WKH LQGXFHG FKDUJH $ ORQJHU GLVWDQFH EHWZHHQ WKH
HOHFWURGHDQGWKHHTXLOLEULXPSRVLWLRQOHDGVWROHVVLQGXFHGFKDUJHDQGKHQFHDVPDOOHUSHDNWR









FDQQRW EH PHDVXUHG XVLQJ WKH HOHFWURVWDWLF VHQVRU GXH WR WKH YXOQHUDELOLW\ RI WKH HOHFWURVWDWLF
VHQVLQJ WHFKQLTXH WR HQYLURQPHQWDO DQG RSHUDWLQJ FRQGLWLRQV 1HYHUWKHOHVV TXDQWLWDWLYH
FKDUDFWHUL]DWLRQ RI WKH EHOW YLEUDWLRQ FDQ EH DFKLHYHG XVLQJ DSSURSULDWH VLJQDO SURFHVVLQJ
WHFKQLTXHV
C. ODS Measurement 
'XH WR WKH ORFDOL]HG VHQVLQJ ]RQH WKH HOHFWURVWDWLF VHQVRU PHDVXUHV EHOW YLEUDWLRQ DW RQO\ D
VLQJOHSRLQW,QRUGHUWRREWDLQDQ2'6PHDVXUHPHQWPXOWLSOHVHQVRUVDUUDQJHGLQDOLQHDUDUUD\
DORQJ WKH EHOW OHQJWK DUH HPSOR\HG )LJ  LOOXVWUDWHV WKH VHQVLQJ DUUDQJHPHQW RI WKH 2'6
PHDVXUHPHQWV\VWHP
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$Q 2'6 FDQ EH GHULYHG IURP D VHW RI WLPH GRPDLQ VLJQDOV DFTXLUHG VLPXOWDQHRXVO\ RU
IUHTXHQF\GRPDLQPHDVXUHPHQWVWKDWDUHFRPSXWHGIURPWKHWLPHGRPDLQVLJQDOV>@6LQFHWKH
EHOWH[KLELWVSHULRGLFUDWKHUWKDQQRQSHULRGLFRUWUDQVLHQWYLEUDWLRQWKH2'6IUHTXHQF\UHVSRQVH
IXQFWLRQ )5) LV XVHG WR FRQVWUXFW WKH 2'6 LQ WKLV VWXG\ 7KLV WHFKQLTXH UHTXLUHV D IL[HG
UHIHUHQFHVHQVRULQRUGHUWRGHWHUPLQHWKHUHODWLYHSKDVHRIHDFKPHDVXUHPHQWSRLQW7RFDOFXODWH
DQ 2'6 )5) WKH PDJQLWXGH RI WKH FURVV VSHFWUXP EHWZHHQ D VHQVRU VLJQDO DQG WKH UHIHUHQFH
VHQVRU VLJQDO LV UHSODFHG ZLWK WKH DXWR VSHFWUXP RI WKH VHQVRU VLJQDO ,Q WKLV ZD\ WKH FRUUHFW
PDJQLWXGHRIWKHVHQVRUVLJQDODQGWKHFRUUHFWSKDVHUHODWLYHWRWKHUHIHUHQFHVLJQDODUHUHWDLQHG
7KHGHILQLWLRQRIWKH2'6)5)LVJLYHQE\WKHIROORZLQJHTXDWLRQ>@
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ZKHUH  iS Z DQG  rS Z UHSUHVHQW WKH )RXULHU WUDQVIRUP RI WKH iWK VHQVRU VLJQDO  is t DQG WKH
UHIHUHQFHVLJQDO  rs t UHVSHFWLYHO\7KHRSHUDWRUGHQRWHVWKHFRPSOH[FRQMXJDWH7KHILUVWWHUP


LQ HTXDWLRQ  UHSUHVHQWV WKH DXWR VSHFWUXP RI WKH iWK VHQVRU VLJQDO DQG WKH VHFRQG WHUP WKH
SKDVHRIWKHFURVVVSHFWUXPEHWZHHQWKHiWKVHQVRUVLJQDODQGWKHUHIHUHQFHVLJQDO,QFRPSDULVRQ
ZLWK RWKHU IUHTXHQF\ GRPDLQ IXQFWLRQV VXFK DV OLQHDU VSHFWUD DXWR SRZHU VSHFWUD )5)V DQG
WUDQVPLVVLELOLW\ >@ WKH2'6)5)SURYLGHV DQ DEVROXWHPHDVXUHPHQW LQVWHDGRI D UDWLRRI WKH
PDJQLWXGH UHVSRQVHV FRQWDLQV WKH FRUUHFW SKDVH UHODWLYH WR WKH UHIHUHQFH DQG DOORZV HDV\
LGHQWLILFDWLRQRIWKHSHDNIUHTXHQFLHV
)RU D YDULHW\RIEHOW RSHUDWLRQ LVVXHV VXFKDV HFFHQWULFLW\PLVDOLJQPHQWZRUQ DQG VWUHWFKHG
EHOWV WKHYLEUDWLRQVRFFXUDW WKHEHOWSDVV IUHTXHQF\DQG LWVKLJKHURUGHUKDUPRQLFVZKLFKDUH
ZHOOVHSDUDWHG DQG FDQ EH LGHQWLILHG XVLQJ WKH VRFDOOHG SHDNSLFNLQJ PHWKRG >@ 6LQFH WKH
UHVSRQVH RI WKH HOHFWURVWDWLF VHQVRU ZRUNLQJ LQ FKDUJHPRGH UHSUHVHQWV WKH WUDQVYHUVH



























A. Experimental Setup 









DOVR LQFUHDVHV WKH ULVN RI GLUHFW FRQWDFW EHWZHHQ WKHP DQG KHQFH WKH SRWHQWLDO GDPDJH RI WKH
VHQVRUE\WKHEHOW,QWKLVVWXG\WKHVSDFLQJIURPWKHVHQVRUDUUD\WRWKHEHOWLQVWDWLRQDU\VWDWHLV
VHWDVPPE\ WDNLQJ LQWRFRQVLGHUDWLRQ WKHPD[LPXPWUDQVYHUVHGLVSODFHPHQWRI WKHEHOW$




7KH VHQVRU VLJQDOV ZHUH VDPSOHG VLPXOWDQHRXVO\ DW D IUHTXHQF\ RI  N+] XVLQJ D GDWD
DFTXLVLWLRQ '$4 GHYLFH 1DWLRQDO ,QVWUXPHQWV PRGHO 86% DQG SURFHVVHG RQ D KRVW
FRPSXWHU ,Q RUGHU WR DFKLHYH RQOLQH 2'6 PHDVXUHPHQW D GHGLFDWHG VRIWZDUH V\VWHP ZDV




DQG VWRUDJH XVHU LQWHUIDFH GHVLJQ DQG GDWD YLVXDOL]DWLRQ ,Q FRPSDULVRQ ZLWK WKH JUDSKLFDO
SURJUDPPLQJODQJXDJH/DE9,(:LWLVPRUHFRQYHQLHQWWRLPSOHPHQWFRPSOH[DOJRULWKPVVXFK
DVSHDNSLFNLQJDQG2'6PHDVXUHPHQWXVLQJ WKH WH[WEDVHGSURJUDPPLQJ ODQJXDJH9LVXDO&
6LQFH WKHFRPSXWDWLRQDORYHUKHDGRI WKH2'6PHDVXUHPHQWDOJRULWKP LV ORZ WKHPHDVXUHPHQW
UHVXOWV FDQ EH GHOLYHUHG DOPRVW LQ UHDO WLPH IRU HDFK DFTXLVLWLRQ WLPH LQWHUYDO WKXV H[KLELWLQJ
DGYDQWDJHVRYHUWKHLPDJLQJEDVHGRIIOLQHPHWKRGLQ>@
B. Vibration Measurement Results 
%HIRUH WKH PHDVXUHPHQW RI WKH EHOW 2'6 WKH SHUIRUPDQFH RI WKH HOHFWURVWDWLF VHQVRU IRU
YLEUDWLRQPHDVXUHPHQWZDVYDOLGDWHGDJDLQVWDODVHUGLVSODFHPHQWVHQVRU&RQWUROOHUPRGHO/.
*DQGVHQVRUKHDGPRGHO/.+.H\HQFH&2/WGWKDWPHDVXUHVLWVGLVWDQFHWRWKHEHOW











WKDW WKH YROWDJH VLJQDO RI WKH ODVHU GLVSODFHPHQW VHQVRU KDV EHHQ FRQYHUWHG SURSRUWLRQDOO\ LQWR
WUDQVYHUVHGLVSODFHPHQW,WLVVKRZQWKDWWKHEHOWYLEUDWHVZLWKDSHDNWRSHDNGLVSODFHPHQWRI
PP&OHDUSHULRGLFLW\DQG VLPLODUSDWWHUQVDUHREVHUYHG LQERWKPHDVXUHPHQWV7KH WLPHGHOD\
EHWZHHQWKHPHDVXUHPHQWV LVDWWULEXWHG WR WKHJDSEHWZHHQWKHPHDVXUHPHQWSRLQWV ,QRUGHU WR
TXDQWLI\ WKH VLPLODULW\ FURVVFRUUHODWLRQ DQDO\VLV LV SHUIRUPHG ZLWK HDFK PHDVXUHPHQW
QRUPDOL]HGZLWKUHVSHFW WR LWVSHDNDPSOLWXGH >@$FRUUHODWLRQFRHIILFLHQWRI LVREWDLQHG
VXJJHVWLQJWKDWWKHWZRPHDVXUHPHQWVDUHVWURQJO\FRUUHODWHG,QDGGLWLRQWKHIUHTXHQF\VSHFWUD
RI WKHPHDVXUHPHQWV DUHSORWWHG LQ)LJ  LQZKLFKQRUPDOL]DWLRQ LV DOVRSHUIRUPHG VHSDUDWHO\
ZLWK UHVSHFW WR WKH KLJKHVW VSHFWUDO SHDNV ,W LV HYLGHQW WKDW WKHUH H[LVW VWURQJ ZHOOVHSDUDWHG















































RQ D YDULHW\ RI HQYLURQPHQWDO FRQGLWLRQV DPRQJ ZKLFK WKH KXPLGLW\ LV FRQVLGHUHG WR KDYH D
VWURQJLPSDFWDQGWKXVLQYHVWLJDWHGLQWKLVVWXG\>@$QXOWUDVRQLFKXPLGLILHUZDVXVHGWRHPLW
ZDWHU YDSRU LQWR WKH DLU 7KH UHODWLYH KXPLGLW\ ZDV YDULHG IURP  WR  ZKLOH WKH
WHPSHUDWXUH ZDV KHOG FRQVWDQW DW  & DQG WKH EHOW D[LDO VSHHG DW  PV 7KH H[SHULPHQWDO
UHVXOWV LOOXVWUDWH WKDW WKH HOHFWURVWDWLF VHQVRU FDQ LGHQWLI\ WKH YLEUDWLRQ PRGHV DQG WKHLU UHODWLYH
PDJQLWXGHVRYHUWKHZKROHUDQJHRIKXPLGLW\FRQGLWLRQVWHVWHG7RTXDQWLI\WKHHIIHFWRIKXPLGLW\
RQ WKH VWUHQJWK RI WKH HOHFWURVWDWLF VLJQDO WKH 506 URRWPHDQVTXDUH PDJQLWXGH RI WKH
HOHFWURVWDWLF VLJQDOZDV FDOFXODWHG DQG VKRZQ LQ)LJ  ,W LOOXVWUDWHV WKDW WKH506 PDJQLWXGH
GHFUHDVHVZLWKWKHKXPLGLW\VXJJHVWLQJWKDWOHVVFKDUJHLVDFFXPXODWHGRQWKHEHOW7KHUHIRUHLQ
RUGHUWRHQVXUHWKHRSHUDELOLW\RIWKHVHQVLQJXQLWLQDKXPLGHQYLURQPHQWWKHHOHFWURVWDWLFVLJQDO
VKRXOGEH DGHTXDWHO\ DPSOLILHG ,Q YLHZ RI WKH VXVFHSWLELOLW\ RI WKH FKDUJH OHYHO RQ WKH EHOW WR
HQYLURQPHQWDO FRQGLWLRQV LQ UHDOZRUOG DSSOLFDWLRQV D VLJQDO FRQGLWLRQLQJ FLUFXLW ZLWK
SURJUDPPDEOH JDLQ FDQ EH HPSOR\HG WR FRQYHUW WKH LQGXFHG FKDUJH LQWR D YROWDJH VLJQDO DW D
VXLWDEOHOHYHOIRUVXEVHTXHQW$'FRQYHUVLRQ

























C. ODS Measurement Results 































EHOWVSDQ,W LVDOVRQRWLFHDEOH WKDW WKHVLJQDOVVKDUHDOPRVW WKHVDPHUHODWLYHPDJQLWXGHVRI WKH
VSHFWUDOSHDNV,QFRPSDULVRQZLWKWKHYHORFLW\UHVSRQVHPHDVXUHGXVLQJHOHFWURVWDWLFVHQVRUVZLWK
WUDQVUHVLVWDQFH DPSOLILHUV >@ WKHUH DUH IHZHU VSHFWUDO SHDNV DW KLJKHU IUHTXHQFLHV DQG WKH
IXQGDPHQWDOYLEUDWLRQPRGHKDVWKHODUJHVWPDJQLWXGH1RWHWKDWWKHVPDOOVSHFWUDOSHDNVDW+]
LQ)LJDUHGXHWRWKHSRZHUOLQHQRLVH








































7R FDOFXODWH WKH 2'6 )5)V RI WKH EHOW VHQVRU 6 ZLWK WKH OHDVW YLEUDWLRQ LV VHOHFWHG DV WKH
UHIHUHQFH $FFRUGLQJ WR HTXDWLRQ  WKH LPDJLQDU\ FRPSRQHQWV RI WKH FRPSOH[YDOXHG 2'6
)5)VDWWKHORZHUIUHTXHQF\EDQGWR+]DUHSORWWHGLQ)LJ$VLOOXVWUDWHGWKHSHDNVLQ
WKHDPSOLWXGHVSHFWUDDSSHDUDWWKHVDPHIUHTXHQFLHVLQWKH2'6)5)V+HQFHWKHPHWKRGRISHDN
SLFNLQJFDQEHXVHG WR LGHQWLI\ WKHYLEUDWLRQ IUHTXHQFLHV%\FRQQHFWLQJ WKHSHDNV DW WKH VDPH
IUHTXHQF\LQ)LJWKHEHOW2'6VFDQEHFRQVWUXFWHG)LJGHSLFWVWKH2'6VFRUUHVSRQGLQJ
WRWKHILUVWWKUHHYLEUDWLRQPRGHV,WFDQEHVHHQWKDWWKHWKUHH2'6VH[KLELWVLPLODUGHIRUPDWLRQ

































SDWWHUQV DSDUW IURP WKH GLIIHUHQFHV LQ DPSOLWXGH 6LQFH DQ 2'6 FRQWDLQV ERWK DPSOLWXGH DQG
SKDVH LQIRUPDWLRQ )LJ  SORWV WKH YLEUDWLRQ DPSOLWXGH DQG WKH SKDVH UHODWLYH WR WKH IL[HG
UHIHUHQFHVHQVRUIRU WKHILUVWYLEUDWLRQPRGHDWHDFKPHDVXUHPHQWSRLQW$VFDQEHVHHQLQ)LJ
DWKHYLEUDWLRQDPSOLWXGHLVVPDOOHVWDWERWKHQGVDQGVOLJKWO\GHFUHDVHVLQWKHPLGGOHRIWKH
EHOW VSDQ )LJ E VKRZV WKDW WKH SKDVH ODJ LQFUHDVHV PRQRWRQLFDOO\ DORQJ WKH EHOW UXQQLQJ


















































































YLEUDWLRQ IUHTXHQFLHV LQFUHDVH ZLWK WKH EHOW D[LDO VSHHG 7KH EHQGLQJ VKDSH RI WKH 2'6V DW
GLIIHUHQWD[LDOVSHHGVDUHYHU\DOLNH7KH2'6DPSOLWXGHVLQFUHDVHZLWKWKHEHOWD[LDOVSHHGIURP
PVWRPVVKRZQLQ)LJEXWH[KLELWDGHFUHDVLQJWUHQGIURPPVWRPV$FFRUGLQJ
WR WKH WKHRU\ RI PHFKDQLFDO YLEUDWLRQ WKH PD[LPXP DPSOLWXGH RI YLEUDWLRQ RFFXUV ZKHQ WKH










































,Q FRPSDULVRQ ZLWK WKH ODVHUEDVHG LQVWUXPHQWV WKDW DUH DFFXUDWH H[SHQVLYH FRPSOH[ DQG
GHOLFDWH WKH HOHFWURVWDWLF VHQVRU LV FRVWHIIHFWLYH FRPSDFW LQ VL]H VLPSOH LQ VWUXFWXUH HDV\ WR
LQVWDOO DQG UXJJHG IRUXVH LQDKRVWLOH HQYLURQPHQW+RZHYHU LW LVGLIILFXOW WR DFKLHYHDEVROXWH
GLVSODFHPHQWPHDVXUHPHQWXVLQJWKHHOHFWURVWDWLFVHQVRUGXHWRWKHXQFHUWDLQDPRXQWRIFKDUJHRQ
WKH EHOW ,Q PRVW FRQGLWLRQ PRQLWRULQJ DSSOLFDWLRQV WKH YLEUDWLRQ IUHTXHQF\ UDWKHU WKDQ WKH
GLVSODFHPHQW SURYLGHV WKH PRVW YDOXDEOH LQIRUPDWLRQ 7KH HOHFWURVWDWLF VHQVRU FDQ LGHQWLI\ WKH






























YLEUDWLRQ PRGHV DQG WKHLU UHODWLYH PDJQLWXGHV ZLWK DGHTXDWH DFFXUDF\ WKXV RIIHULQJ D YLDEOH
VROXWLRQWRWKHEHOWYLEUDWLRQPRQLWRULQJSUREOHP









V\VWHP VKXWGRZQ VKRXOG EH WDNHQ LPPHGLDWHO\ ZKHQ H[FHVVLYH EHOW YLEUDWLRQV DUH GHWHFWHG ,Q
DGGLWLRQ WRSRVVLEOHGDPDJH WR WKHPDFKLQH H[FHVVLYHEHOW YLEUDWLRQVPD\FDXVHGLUHFW FRQWDFW
EHWZHHQWKHVHQVRUDQGWKHEHOW,QWKHLQWHUHVWRIVDIHW\WKHVSDFLQJEHWZHHQWKHVHQVRUDQGWKH
EHOW VKRXOG EH ODUJH HQRXJK +RZHYHU WKH VLJQDOWRQRLVH UDWLR ZLOO GHWHULRUDWH DV WKH LQGXFHG
FKDUJH RQ WKH HOHFWURGH GHFUHDVHV ZLWK WKH VSDFLQJ 7KHUHIRUH WKH PD[LPXP WUDQVYHUVH
GLVSODFHPHQWRIWKHEHOWVKRXOGEHHVWLPDWHGIRUDGHTXDWHLQVWDOODWLRQRIWKHVHQVRU$GLHOHFWULF
SODWHSODFHGEHWZHHQWKHVHQVRUDQGWKHEHOWFDQDOVREHXVHGIRUSURWHFWLRQ










WKH VSDFLQJEHWZHHQ WKH HOHFWURGH DQG WKH REMHFW WR EH PHDVXUHG %\ FRQWUDVW WKH HOHFWURVWDWLF
VHQVRU ZLWK D WUDQVUHVLVWDQFH DPSOLILHU UHVSRQGV WR WKH YDULDWLRQ UDWH RI LQGXFHG FKDUJH DQG
GHOLYHUV YHORFLW\ UHVSRQVH >@ $ SORW RI WKH YHORFLW\ VSHFWUXP ZLOO VORSH XSZDUGV DV WKH
IUHTXHQF\ LQFUHDVHV LQ FRPSDULVRQZLWK WKHGLVSODFHPHQW VSHFWUXP IRU WKH VDPHYLEUDWLRQ7KH
FKRLFHRIGLVSODFHPHQWRUYHORFLW\PHDVXUHPHQWFDQEHPDGHDFFRUGLQJWRWKHGLIIHUHQWIUHTXHQF\
UDQJHVRILQWHUHVW
7R VXPPDUL]H LQ YLHZ RI WKH IDFW WKDW WKH WHFKQLTXHV DYDLODEOH IRU QRQFRQWDFW YLEUDWLRQ
PHDVXUHPHQW RI SRZHU WUDQVPLVVLRQ EHOWV DUH YHU\ OLPLWHG WKH HOHFWURVWDWLF VHQVRU SURYLGHV D
SURPLVLQJVROXWLRQIRUZLGHVSUHDGURXWLQHLQGXVWULDODSSOLFDWLRQV
,9 &21&/86,21
,Q WKLV SDSHU D QRYHO PHDVXUHPHQW V\VWHP EDVHG RQ DQ DUUD\ RI FKDUJHPRGH HOHFWURVWDWLF
VHQVRUVKDVEHHQGHVLJQHGDQG LPSOHPHQWHG WRPHDVXUH WKH2'6RIDSRZHU WUDQVPLVVLRQEHOW
)LQLWHHOHPHQWVLPXODWLRQVKDYHEHHQFRQGXFWHGWRHVWDEOLVKWKHUHODWLRQVKLSEHWZHHQWKHVHQVRU
UHVSRQVHDQGWKHEHOWYLEUDWLRQNLQHPDWLFV2'6)5)VKDYHEHHQXVHGWRFRQVWUXFWWKHEHOW2'6
DW WKH IXQGDPHQWDO DQG KLJKHURUGHU KDUPRQLF YLEUDWLRQ IUHTXHQFLHV 7KH SHUIRUPDQFH RI WKH







OHYHO RQ WKH EHOW WKH YLEUDWLRQ PRGHV DQG WKHLU UHODWLYH PDJQLWXGHV FDQ EH LGHQWLILHG ZLWK
DGHTXDWHDFFXUDF\7KHPHDVXUHG2'6VRIWKHILUVWWKUHHYLEUDWLRQPRGHVH[KLELWVLPLODUEHQGLQJ
VKDSHV 7KH EHOW 2'6V DW GLIIHUHQW D[LDO VSHHGV KDYH LQGLFDWHG WKDW WKH YLEUDWLRQ GLVSODFHPHQW
YDULHV ZLWK WKH D[LDO VSHHG DQG UHDFKHV WKH PD[LPXP DPSOLWXGH DURXQG WKH EHOW¶V QDWXUDO
IUHTXHQF\
$&.12:/('*0(17
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